The purpose of this investigation was to compare the growth performance of grower pigs fed low-CP, corn-soybean meal (C-SBM) AA-supplemented diets with that of pigs fed a positive control (PC) C-SBM diet with no supplemental Lys. Five experiments were conducted with Yorkshire crossbred pigs, blocked by BW (average initial and final BW were 21 and 41 kg, respectively) and assigned within block to treatment. Each treatment was replicated 4 to 6 times with 4 or 5 pigs per replicate pen. Each experiment lasted 28 d and plasma urea N was determined at the start and end of each experiment. All diets were formulated to contain 0.83% standardized ileal digestible Lys. All the experiments contained PC and negative control (NC) diets. The PC diet contained 18% CP and was supplemented with only dl-Met. The NC diet contained 13% CP and was supplemented with l-Lys, dl-Met, l-Thr, and l-Trp. The NC + Ile + Val diet was supplemented with 0.10% Val + 0.06% Ile. The NC + Ile + Val diet was supplemented with either His (Exp.
INTRODUCTION
Previous studies within our research group have shown that grower pigs (20 to 50 kg) fed a low-CP diet supplemented with 0.34% Lys along with Thr, Met, and Trp had reduced growth performance compared with pigs fed a positive control (PC) diet with no supplemental AA (Roux et al., 2011) . Growth performance was improved with the supplementation of Ile and Val; however, G:F was less than that of pigs fed the PC. Others have reported that a reduction of CP by more than 4% results in decreased growth performance (Russell et al., 1987) . This decrease in growth performance may presently limit the degree to which CP can be reduced in diets for pigs. If the low-CP diets have the essential AA in the correct ratios to Lys, growth performance should be the same unless the low-CP diet is deficient in total N. However, N deficiency will limit the capacity of pigs to produce nonessential AA.
Conditionally essential AA, namely, Arg and Cys along with the precursor Gly + Ser, would be the first AA affected by a N deficiency because they are present in reduced quantities in low-CP diets and they are dependent on de novo synthesis to optimize growth. The production of these AA could be the limiting factor in optimizing the utilization of low-CP diets supplemented with AA. The objective of this series of experiments was to restore the growth performance of pigs fed low-CP AA-supplemented diets with that of pigs fed a PC with no supplemental AA by supplementing His, Cys (modifying Met:Cys), Gly, Arg, or Glu.
MATERIALS AND METHODS
The procedures related to animal care used in these experiments were approved by the Louisiana State University Agricultural Center Institutional Animal Care and Use Committee.
General
Crossbred Yorkshire pigs were allotted to dietary treatments in randomized complete block designs based on initial BW and sex. Pigs were housed in 1.8 × 2.4 m pens in an enclosed facility with metal slatted floors. Treatment diets were formulated to contain 0.83% standardized ileal digestible (SID) Lys; SID Trp, Thr, and TSAA were set as ratios to SID Lys of 0.18, 0.65, and 0.60, respectively. All the experiments contained a PC diet, and 4 of the 5 experiments contained a negative control (NC) diet. The PC diet contained 18% CP and was supplemented with only dl-Met. The NC diet contained 13% CP and was supplemented with l-Lys, dl-Met, l-Thr, and l-Trp. All other nutrients met or exceeded the requirements recommended by the NRC (1998) for pigs gaining 350 g of lean gain/d for a BW of 20 to 50 kg (Table 1) . The AA composition of the diets was determined after acid hydrolysis (method 994.12; AOAC International, 2002) . Treatment diets were in meal form and were provided for ad libitum consumption along with water. Pigs and feed were weighed at the initiation and termination of the study for calculation of ADG, ADFI, and G:F. Blood (2 mL from the anterior vena cava) was collected from each pig for the determination of plasma urea N (PUN) at the initiation and termination of each experiment. Blood was kept on ice and then centrifuged at 3,000 × g for 20 min at 4°C, and the plasma was collected and analyzed for PUN (Mathies, 1960) by using commercial reagent kits (Pointe Scientific, Canton, MI).
Exp. 1
A total of 120 pigs with average initial and final BW of 19 and 39 kg, respectively, were allotted to 4 dietary treatments. Each treatment was replicated with 6 pens of 5 pigs per pen. Dietary treatments included 1) cornsoybean meal (C-SBM) PC; 2) NC; 3) NC + 0.102% Val + 0.063% Ile; and 4) diet 3 + 0.05% His. The supplementation of Val, Ile, and His was done to achieve 110% of NRC (1998) recommendations.
Exp. 2
A total of 150 pigs with average initial and final BW of 21 and 40 kg, respectively, were allotted to 5 dietary treatments. Each treatment was replicated with 6 pens of 5 pigs per pen. Dietary treatments included 1) C-SBM PC; 2) NC; 3) NC + 0.102% Val + 0.063% Ile; 4) diet 3 with 50:50 Met:Cys (weight basis); and 5) diet 3 + 0.224% Gly. To achieve a Met:Cys of 50:50, l-Cys was supplemented to the diet to replace dietary Met. The quantity of Gly supplemented was done to achieve 1.35% Gly + Ser, which has been reported previously to provide growth performance similar to that of pigs fed the PC diet (Roux et al., 2011) .
Exp. 3
A total of 80 pigs with average initial and final BW of 19 and 38 kg, respectively, were allotted to 5 dietary treatments. Each treatment was replicated with 4 pens of 4 pigs per pen. Dietary treatments included 1) C-SBM PC; 2) NC; 3) diet 2 + 0.102% Val + 0.063% Ile; 4) diet 3 + Gly (equal to Gly + Ser in PC), and 5) diet 3 + Glu (isonitrogenous to diet 4). The dietary Gly was increased from what was fed in Exp. 2 to achieve the same Gly + Ser as in the PC diet.
Exp. 4
A total of 100 pigs with average initial and final BW of 23 and 45 kg, respectively, were allotted to 5 dietary treatments. Each treatment was replicated with 5 pens of 4 pigs per pen. Dietary treatments included 1) C-SBM PC; 2) NC + 0.102% Val + 0.063% Ile; 3) diet 2 + Gly (equal to Gly + Ser in PC); 4) diet 2 + Arg (equal to Arg in PC); and 5) diet 2 + Gly + Arg (equal to amounts in PC).
Exp. 5
A total of 144 pigs with average initial and final BW of 23 and 44 kg, respectively, were allotted to 6 dietary treatments. Each treatment was replicated with 6 pens of 4 pigs per pen. Dietary treatments included 1) C-SBM PC; 2) NC; 3) diet 2 + 0.102% Val + 0.063% Ile; 4) diet 2 + Gly + Arg (equal to amounts in PC); 5) diet 3 + Gly + Arg (equal to amounts in PC); and 6) diet 3 + Gly + Glu (isonitrogenous to diet 5).
Statistical Analysis
Data were analyzed by ANOVA (Steel and Torrie, 1980) using the GLM procedure (SAS Inst. Inc., Cary, NC) as randomized complete block designs. All 5 experiments had 2 treatments in common, the PC and the NC + Ile + Val. These data from the 5 experiments were combined and analyzed by the MIXED procedure of SAS, with treatment, experiment, and replication within experiment as fixed effects. The treatment × experiment interaction was not significant for any response variable (P = 0.35 to 0.85); therefore, the data were reanalyzed by the MIXED procedure, with treatment as a fixed effect and experiment and replication within experiment as random effects. The pen of pigs served as the experimental unit for all data. The initial PUN was used as a covariate for the PUN determined at the end of each experiment. Individual treatment differences were obtained using the PDIFF procedure in SAS. Treatment differences were considered significant at P < 0.10.
RESULTS
The results of the AA and CP analyses of the diets agreed closely with the formulated values (Table 1) . Therefore, the formulated values are used in the text. The results for growth performance are presented for the 0-to 14-d and 14-to 28-d periods, but only the overall data are discussed in the results, and, again, differences were considered significant at P < 0.10.
Exp. 1
Pigs fed the NC diet had decreased ADG and G:F compared with pigs fed the PC (Table 2 ). Supplementation of the NC with Ile + Val or Ile + Val + His increased ADG compared with the NC diet. Pigs fed the NC diet had decreased ADFI compared with pigs fed the NC diet supplemented with Ile + Val + His. Gain:feed was less in pigs fed the NC or NC + Ile + Val + His compared with pigs fed the PC diet. Addition of Ile + Val to the NC diet improved G:F by 0.01 unit compared with the NC diet, and this improvement resulted in no statistically significant difference in the G:F of pigs fed the PC or NC + Ile + Val. The PUN was reduced in pigs fed all low-CP diets compared with pigs fed the PC diet, and PUN was not affected by supplementation with any AA.
Exp. 2
Similar to Exp. 1, pigs fed the low-CP diet without supplemental Ile + Val had decreased ADG compared with pigs fed the PC diet (Table 3) . Supplementation with Ile + Val, Ile + Val + Cys, or Ile + Val + Gly improved ADG moderately such that ADG of pigs fed these diets was not different from that of pigs fed the PC or NC diets. The ADFI of pigs fed the NC + Ile + Val and NC + Ile + Val + Gly diets were greater than those of pigs fed the PC, NC, or NC + Ile + Val + Cys diets.
The G:F of pigs fed the PC diet was greater than that of pigs fed all other diets, and no AA supplementation improved G:F compared with that of pigs fed the NC diet. As in Exp. 1, PUN was reduced in pigs fed all low-CP diets compared with pigs fed the PC diet, and PUN was not affected by supplementation with any AA.
Exp. 3
As in Exp. 1 and 2, pigs fed the low-CP diet without supplemental Ile + Val had decreased ADG compared with pigs fed the PC diet, but in this experiment, the response was not statistically significant (Table 4) 
Exp. 4
In this experiment, the treatments did not include the NC diet but only the diet with NC + Ile + Val. Average daily gain and ADFI were not affected by dietary 
Exp. 5
Pigs fed the low-CP diet with supplemental Ile + Val and Gly + Arg had decreased ADG compared with pigs fed the PC, the low-CP + Ile + Val + Gly + Arg, and the low-CP + Ile + Val + Gly + Glu diets (Table  6 ). Average daily feed intake and G:F were not affected by diet. Pigs fed the low-CP diets had decreased PUN compared with pigs fed the PC. In addition, pigs fed the low-CP diets with and without Ile + Val had decreased PUN compared with pigs fed the low-CP diets with Gly + Arg, Ile + Val + Gly + Arg, or Ile + Val + Gly + Glu.
Combined Data
The overall data for the combined analysis of the PC vs. the NC + Ile + Val showed that ADG (750 vs. 720 g, SED = 8 g) and G:F (0.455 vs. 0.426, SED = 0.005) were decreased (P = 0.03 and 0.004, respectively) in pigs fed the NC + Ile + Val compared with those fed the PC diet. Daily feed intake (1,659 vs. 1,705 g, SED = 37 g) was not affected by diet (P = 0.28).
DISCUSSION
Reducing the CP of growing pig diets from 18 to 13% with the supplementation of l-Lys, l-Thr, l-Trp, and dl-Met without the supplementation of Ile + Val resulted in decreased growth performance in 3 of 4 experiments. The supplementation of Ile + Val to the NC diet resulted in ADG that was not different from that of pigs fed the PC diet in each individual experiment. Feed efficiency was decreased in 2 of the 5 experiments. However, in all 5 experiments, ADG ranged from 2.4 to 7.3% less and G:F ranged from 3.1 to 8.8% in pigs fed the NC + Ile + Val compared with those fed the PC diet. When the data from the 5 experiments were combined and analyzed statistically, both ADG and G:F were reduced. Tuitoek et al. (1997) reported that dietary CP could be reduced to 13% without any negative effect on growth performance for growing pigs weighing 20 to 55 kg with Val + Ile supplementation. Figueroa et al. (2002) fed low-CP diets to gilts with BW of 19.5 kg and reported that a 4% reduction in CP did not reduce ADG and G:F; however, carcass leanness was decreased. The difference in growth response could be because these researchers used a PC diet with 16% CP compared with our diet with 18% CP. However, both groups of researchers concluded that Val, Ile, or both may be limiting when CP is reduced by more than 4%, which agrees with our findings that one or both of these AA are the next-limiting AA in low-CP C-SBM diets supplemented with l-Lys, l-Thr, l-Trp, and dl-Met for growing pigs.
The reduced growth performance of pigs fed the low-CP diet with Ile + Val compared with pigs fed the PC diet indicated that another AA, total N, a deficiency of precursors to produce the conditionally essential AA, or combinations of the 3 were limiting growth performance. A deficiency of total N would reduce the ability of the pig to make nonessential AA.
The supplementation of His to the low-CP diet with Ile + Val did not improve ADG or G:F. Figueroa et al. (2003) supplemented an 11% CP diet with His + Ile + Val and reported a decrease in ADG and G:F compared Means with different superscripts within a row are different (P < 0.10). with a 16% CP diet. These responses indicate that His is not the next-limiting AA in the low-CP diets supplemented with Ile + Val. In growing pigs, both Cys and Arg are considered conditionally essential because endogenous synthesis is dependent on dietary precursors. The production of Cys from Met requires dietary Met and Gly or Ser either from the diet or by de novo synthesis. Because dietary TSAA was the same in the PC and the low-CP diets, any limitation in Cys production would be caused by the amounts of Ser or Gly and not by a deficiency of Met. The supplementation of the low-CP diet with Cys to achieve 50:50 Met:Cys along with Ile + Val did not restore feed efficiency to the level of the PC diet. However, supplementing Gly, a precursor to Ser, which is required for de novo synthesis of Cys, resulted in an increase in feed intake. This increase in feed intake in the pigs fed the low-CP diets supplemented with Gly resulted in ADG similar to that of pigs fed the PC diet; however, feed efficiency was not restored to the level of the PC diet. A marginal deficiency of an AA might result in an increase in feed intake. Therefore, the amount of Gly supplemented was increased to that of Gly + Ser in the PC diet in the follow-up experiment. However, the increase in feed intake also could be because dietary Gly is simply acting as a source of N; therefore, Glu was supplemented to the low-CP diet to be isonitrogenous to the diet with supplemental Gly. Pigs fed the diet with increased dietary Gly had similar ADG, ADFI, and G:F as pigs fed the PC diet. The pigs fed the low-CP diets supplemented with Glu had decreased ADG and G:F compared with pigs fed the PC diet or the low-CP diet supplemented with Gly. This lack of response to Glu indicates that the response to Gly was not due to Gly providing N because the diets with Glu were isonitrogenous to that of the Glysupplemented diet.
Glycine is considered a nonessential AA for mammals, and it is generally accepted that mammals can make adequate quantities to sustain growth and efficiency. However, the rate of synthesis of Gly in a low-CP diet with a 5% reduction in CP compared with a PC diet might not be adequate for efficient growth performance. Of all the AA that are considered nonessential, Gly + Ser account for the second greatest quantity incorporated into protein (Lenis et al., 1999) . The multiple roles of Gly + Ser in metabolic functions along with their greater incorporation into protein might be a possible reason for a decrease in G:F in 13% low-CP diets that have a 31% reduction in Gly + Ser.
The response of growing pigs to dietary Gly supplementation in a low-CP diet is not supported by the results of Taylor et al. (1981) . They supplemented a 12% CP diet with Gly as a source of nonessential N and reported no positive effect on growth performance. The diets fed by Taylor et al. (1981) included fish meal, which contains increased Gly. As a result, their diets had greater amounts of Gly + Ser compared with the all-vegetable diets fed in our experiments. In addition, Gly supplementation was less (0.52 vs. 1.7%) in our experiment. Therefore, the oversupplementation of Gly might be the reason for the difference in results with Gly supplementation. This response is also supported by the fact that supplementation of Gly to their diets resulted in an increase in blood urea N, indicating the catabolism of the excess Gly. However, in our experiment, PUN was not increased with Gly supplementation. It is interesting that Taylor et al. (1981) also reported that Gly supplementation increased plasma concentrations of free Lys, Pro, Ser, and Glu. This finding indicates that Gly may be sparing these AA and resulting in the production of Ser. Research with chicks indicates that Gly inhibits arginase activity (Austic and Nesheim, 1970) , reducing the production of urea. In addition, Gly inhibits glutamine synthase (Tate and Meister, 1971) , resulting in more Glu being available for the biosynthesis of nonessential AA. If Gly played similar roles of inhibiting these 2 enzymes in the growing pig, this might be the possible mechanism of action whereby growing pigs respond to Gly supplementation in a low-CP diet.
Another conditionally essential AA that is dependent on the N pool is Arg. Arginine synthesis is highly dependent on the urea cycle, which is dependent on excess N from excess AA; with a reduction of total N in the low-CP diet, it is possible that Arg may become a limiting AA. However, supplementation of Arg in combination with Ile + Val did not restore feed efficiency to that of the PC. When Arg was supplemented along with Gly, G:F was restored to that of pigs fed the PC; however, similar results were obtained when Glu was substituted for Arg. This response indicates that Arg and Glu were serving as sources of N only when Gly was supplemented.
Plasma urea N in all 5 experiments was less in pigs fed the low-CP diets compared with those fed the PC diet. The supplementation of Gly in combination with Arg or Glu resulted in an increase in PUN over the other low-CP AA-supplemented diets, but PUN still remained less than in pigs fed the PC. This response again supports our suggestion that Arg and Glu were supplying N when they were supplemented along with Gly. In this instance, the PUN result seems to be more a reflection of dietary N than an indicator of AA utilization.
The supplementation of Gly to a low-CP C-SBM diet along with l-Lys, l-Thr, l-Trp, dl-Met, l-Val, and lIle resulted in growth performance similar to that of pigs fed an 18% CP PC diet. The individual supplementation of Glu or Arg did not elicit the same response. This response indicates that the response obtained with Gly supplementation was not as a result of Gly providing N. The mechanism of action whereby Gly restores growth performance in a low-CP C-SBM diet is presently not known.
